tion in these cases and our own. We hypothesize that if L. monocytogenes also uses the intraneural route to spread through the CNS, multiple brain abscesses would follow white matter tracts and thus would be seen on imaging studies in a distinct pattern of distribution and readily recognized as listeriosis.
case report
A 74-year-old woman who was known to have high blood pressure, Type 2 diabetes, and obesity presented with a brief history of neurological symptoms. She had had a progressive headache for 1 week, and then her family had noticed confusion and psychomotor slowing. A few days later she had begun to demonstrate progressive left hemiparesis involving both limbs as well as the face. Upon neurological examination, she was found to be drowsy but oriented. Assessment of motor function revealed a 4/5 left paresis, but the results of sensory examination were normal. Assessment of her cranial nerves revealed a mild left facial central paresis. Examination of the other cranial nerves showed no abnormality. She was afebrile.
Initial laboratory studies showed an elevated white blood cell count, hyponatremia (126 mmol/L [reference range 135-145 mmol/L]), and a decreased level of urea (1.7 mmol/L [reference range 3.3-8.8 mmol/L], with the creatine level at 46 mmol/L [reference range 42-89 mmol/L]). The hyponatremia was thought to be secondary to a syndrome of inappropriate antidiuretic hormone secretion caused by hydrochlorothiazide therapy and was treated accordingly.
Initial MRI revealed a cluster of rounded and ovoid lesions within the subcortical white matter of the right frontal lobe, deep to the precentral gyrus and anteriorly within the posterior superior frontal gyrus. These lesions all shared common imaging features, including a rim of spontaneous T1 hyperintensity; concentric iso-to hypointense rings and a hypointense core on T2 and blooming artifacts on susceptibility-weighted imaging (SWI); and they showed rim enhancement as well as perifocal vasogenic edema. A few lesions were located in the juxta-cortical white matter and seemed to follow the U-fibers (Fig. 1 ). An infectious cause was deemed possible, and complete infectious screening was performed, including transesophageal ultrasonography, and treatment was initiated with vancomycin and ceftriaxone. The patient's condition deteriorated 3 days after admission, with increase facial asymmetry and 3/5 left paresis. Additional imaging showed an increased number of lesions.
Culture of blood specimens obtained on admission was positive for gram-positive bacilli. L. monocytogenes was suspected, and ampicillin was added to the intravenous antibiotic treatment.
On follow-up imaging studies performed 12 days later, improvement in the size and enhancement of the initial cluster was noted, but new lesions had appeared more anteriorly in the frontal lobe, deep to the superior and middle frontal gyri (Fig. 2) . The latter group of lesions apparently followed the superior longitudinal fasciculus and short association fibers. Other lesions had also developed deeper within the corona radiata, the posterior limb of the internal capsule, and the cerebral peduncle, all following along the corticospinal tract (Figs. 3 and 4) . The pattern of spread of these lesions fitted the distribution of the major white matter tracts as seen on diffusion tensor imaging (DTI) (Figs. 1, 3 , and 4). All lesions subsequently began to resolve with intravenous antibiotic therapy, and no new lesions were seen on further imaging performed up to 6 weeks after the initial presentation.
The patient's condition improved progressively, and she demonstrated complete recovery of muscle strength and awareness after adjustment of her antibiotic therapy, when ampicillin was added to the initial regimen of vancomycin and ceftriaxone. She left the hospital for a rehabilitation center on intravenous antibiotics.
literature review
We reviewed the literature searching for cerebral L. monocytogenes cases involving 3 or more CNS abscesses and retained those where sufficient imagery was available, adding our own case. The images were analyzed to determine whether the pattern of distribution was along the white matter fiber tracts. We elected to include only those cases with 3 or more abscesses in order to make sure that the distribution was not random, but rather followed a pattern. In addition, we included those cases with abscesses in both the brainstem and at least 1 cerebral hemisphere, but excluded those in which abscesses were located solely in the brainstem.
Beginning with Limmahakhun and Chayakulkeeree's review of L. monocytogenes brain abscesses published until 2011, 23 to which we added 11 other cases published during the same study period, we reviewed 1,5,9,18,22,34,35 the literature from 2011 to 2014 and added 9 additional cases. 6, 8, 11, 16, 19, 26, 36, 39 We found a total of 77 cases of L. monocytogenes brain abscesses, of which 17 involved multiple abscesses. Of those, 6 were excluded for lack of imagery. 4, 10, 20, 21 Of the remaining 11, 3 involved the brainstem without involving the cerebral hemispheres and thus were excluded. 6, 25, 28 In the 8 final cases from the literature, 1 case was of bilateral abscesses that did not follow a fiber tract, 23 1 case was also bilateral but with abscesses (possibly) following the fiber tracts on 1 side, 38 while in the remaining 6, 1, 16, 26, 29, 37 to which we added our own case for a total of 7, all the abscesses were located exclusively in the same hemisphere and were distributed along white matter fiber tracts (Table 1 ). In the majority of cases, the distribution was along the projection fiber tracts toward the brainstem, but in some cases, as in ours, the short and long association fibers were also affected. In our own case, where we had access to all views of the images, even though multiple tracts were involved, there was a main cluster of lesions in 1 site where all the tracts intersected.
discussion
Listeriosis is a bacterial infection most commonly caused, in humans, by L. monocytogenes and primarily affects the CNS-often in immune-compromised patients. 5, 30 but it can also be seen in immune-competent patients. The bacterium is acquired via the oral route, and the ensuing infection is usually transmitted through septicemia, most commonly developing into meningitis. 24 At times, it can also manifest as encephalitis with a characteristic predilection for the brainstem. Rarely, it develops into brain abscesses, and in those cases the outcome is often grim. 14, 30 Animal studies have shown that L. monocytogenes can also enter the CNS by traveling within the axons of the trigeminal nerve. In these studies, inoculation of L. monocytogenes into lips, oral mucosa, or dental pulp resulted in encephalitis confined to the brainstem. Neuro-pathological lesions were observed in the trigeminal nerve and ganglion on the side of the injection. 13 In other studies, electron microscopy revealed the presence of L. monocytogenes within the axons of the trigeminal nerve. 7, 33 Since listeriosis is mainly contracted through ingestion of contaminated food, it is then not surprising that the trigeminal nerve, which is connected to the pons, carries the bacteria, resulting in the characteristic, albeit not frequent in humans, rhombencephalitis.
Other clinical and experimental studies have also suggested that the trigeminal nerve is not the only nerve to carry the bacteria and that other cranial or peripheral nerves may also be pathways for invasion of the CNS. 
FIg. 3. Fused images generated from SWI and combined fractional anisotropy/directional maps (DTI)
showing the spread from the subcortical white matter of the right precentral gyrus to the anterior right frontal lobe involving the superior longitudinal fasciculus (SLF) and short-range association fibers (indicated by asterisk) (a), the deep white matter along the corticospinal tract (CST) (B), and the external capsule (EC) on the same side (along fibers of the SFL, uncinate fasciculus, and inferior fronto-occipital fasciculus) (c). Also note the presence of lesions at the level of the posterior limb of the internal capsule (PLIC) in panel C. All labels are contralateral to the lesions (the latter disrupted proper visualization of these major tracts).
It has been found that the bacterium enters the cell by endocytosis and multiplies within the cytosol, where it acquires an actin tail that propels it through the axon as well as to neighboring cells. 12 L. monocytogenes is able to survive and multiply in a wide variety of cell types, including macrophages and neurons. 13, 17, 32 Even though studies have suggested that L. monocytogenes can use a peripheral intraneural route to invade the CNS, it has not yet been established how it then spreads throughout the brain. In fact, in one study, peripheral neurons were able to be effectively infected, contrary to hippocampal neurons, which were resistant, suggesting that different types of neurons might have different susceptibilities to bacterial tropism. 13, 17 A recent animal study, however, suggests that once the bacteria have gained access to the CNS via the peripheral nervous system, the infection can spread along the axons, producing additional lesions. 17, 32 This hypothesis has not previously been evaluated in humans. Our results based on MRI in cases of multiple brain abscesses strongly suggest that this intraneural mechanism of spreading in the CNS also applies to humans. This is the first report, to our knowledge, that demonstrates central intraneural spreading of CNS listeriosis in humans.
In our study, we excluded patients with abscesses limited to the brainstem because these abscesses can cover a large area that includes many overlapping fiber tracts, making it difficult to assess the involvement of specific tracts. In 8 of the 9 cases of multiple abscesses analyzed in this study, the abscesses followed a fiber tract. In addition, the fact that in 7 of those cases, all the abscesses were limited to a single hemisphere, does not favor hematogenous invasion and adds to the evidence that once within the CNS, L. monocytogenes travels intraaxonally. Based on the locations of the multiple abscesses, which are visible on imaging studies in the literature, for each case, we have provided a drawing linking the abscesses, thus obtaining a trajectory that reflects the pathway of white fiber tracts (Table 1) . We acknowledge that these drawings represent extrapolation, given that the literature provided limited images and only general description, since preceding authors had not made the link between the location of abscesses and the pathway of white matter tracts. This is the first such observation in humans.
The frequency of axonal spreading in cases of Listeria infection of the central nervous system is not known. Since the link between the location of abscesses and white fiber tracts has not been made before, retrospective review cannot provide this information. Also, since sufficient imagery is needed to make such an observation, for this reason also, only 6 of 77 cases were suitable for our analysis. We cannot determine the frequency or the incidence of spreading via white fiber tracts, but the goal of our paper is to demonstrate that such spreading is possible and when present highly suggests the presence of Listeria. This form of spreading can not be seen on imaging studies in cases of meningitis and rhombencephalitis, but that does not exclude such a possibility even in these cases.
In our case, because of the location of the main concentration of the abscesses, the initial invasion was probably
FIg. 4. SWI (upper) and combined fractional anisotropy/directional maps obtained from DTI (lower)
show that the lesions were located in the subcortical white matter of the right precentral gyrus and subsequently spread to the anterior right frontal lobe involving the superior longitudinal fasciculus (SLF) and short association fibers (indicated by asterisk). The lesions also appear to follow the corticospinal tract (CST), including the corona radiata (CR), posterior limb of the internal capsule (PLIC), and cerebral peduncle. Some lesions were also visible within the external capsule on the same side. Incidental subcortical microhemorrhages were also evident within both hemispheres on SWI. EC indicates external capsule, including fibers of the SLF, uncinate fasciculus, and inferior fronto-occipital fasciculus. via the hematogenous route. Blood culture confirmed the presence of L. monocytogenes in our case, as in 86% of cases in the literature. 14 We hypothesize that subsequent spreading proceeded intraaonally. Such invasion along the nerve fibers would explain why there is much more neurological deficit in patients with L. monocytogenes-related abscesses 14, 27 than in patients with other types of brain abscesses in which the infection expands only locally.
This particular form of spreading would produce a typical pattern of distribution of the abscesses, based on the organization of the fiber tracts of the CNS. Since no other bacteria are known to travel in this way, this distinct radiological presentation may have significant diagnostic value, particularly when the results of blood studies are negative and lumbar puncture is contraindicated. Given the often grim prognosis of L. monocytogenes abscesses, recognizing the characteristic pattern of distribution may lead to earlier diagnosis, allowing for quicker antibiotic treatment and thus leading to better outcome.
conclusions
Our findings suggest that once it has entered in the CNS, L. monocytogenes travels within the axons, resulting in a characteristic pattern of distribution of multiple abscesses along the white matter fiber tracts in the brain. This distinct pattern is clearly seen on imaging studies and its recognition may be valuable in the diagnosis of L. monocytogenes infection. This finding may allow for earlier diagnosis, which may improve outcome. This report is the first description suggesting intraaxonal CNS spreading of L. monocytogenes infection in humans. 
